ABSTRACT. We study the interaction between benzene, toluene, ethylbenzene and xylene (BTEX) molecules with ZnO(100) surface by means of density functional theory-based calculations. We find that these interactions result in the physical adsorptions of BTEX gases with adsorption distances larger than 2 Å. These adsorptions are governed by the van der Waals interaction instead of the covalent interaction. We also find that the trend of the strength of BTX adsorptions on ZnO(100) surface < < is in line with the experimental trend of sensitivity of ZnO material towards BTX gases (benzene < tolune < xylene). We explain this relation by using one of the sensing mechanism within the ionosorption model. By using this relation, we also predict that the response of ZnO towards ethylbenzene will be similar to the response towards toluene since these two molecules have similar adsorption energies on ZnO(100) surface.
INTRODUCTION
Volatile organic compounds (VOCs) are some of the main sources of air pollution that can cause serious harms to human health (Brook, 2008) . Even though the human nose in general can sense the presence of odorous gases like VOCs, in some cases, it might not be able to sense themlack of understanding about the fundamental interaction between ZnO surface and large size molecules.
In this work, we theoretically study the interaction between ZnO surface and BTEX gases using density functional theory-based calculations (Hohenberg & Kohn, 1964; Kohn & Sham, 1965) . We elucidate the detail mechanism that governs the adsorption of BTEX gases on ZnO surface. We use ZnO(100) as the surface model for studying this interaction. The (100) surface is chosen because this is one of the most stable surface facet of ZnO and the main surface facet of ZnO sensor with nanorod and nanowire morphologies (Acharyya & Bhattacharyya, 2015; Diebold, Koplitz, & Dulub, 2004; Huang & Wan, 2009; Kaneti, Yue, Jiang, & Yu, 2013; Mirzaei et al., 2018; Spencer, Wong, & Yarovsky, 2012; Wang et al., 2013; Yuliarto et al., 2017; Zhu, Xie, Wang, Huang, & Hu, 2004) . The results from this study will contribute to a deeper understanding about the fundamental interaction of ZnO surface with large size molecules like BTEX and its implications on the involved sensing mechanism.
EXPERIMENTAL SECTION Computational Details

Surface model
The widely accepted sensing mechanism of resistivebased semiconductor metal oxide-based gas sensor involves the exposure of O2 gas to the sensor surface at high temperature prior to the exposure of target gas (Gurlo & Riedel, 2007) . During the exposure of oxygen gas, the gas interacts with the semiconductor surface and form various ionic oxygen species such as *O . These adsorbed ions later will react with the target gas and the change in electronic resistance during this interaction is interpreted as the response of the sensor. Therefore, the presence of such ionic oxygens is very crucial for metal oxide-based gas sensor. The sensing process will be facile if the incoming O2 gas could interact well with the metaloxide surface.
In the case of ZnO material, a theoretical study by Yan et al demonstrates that the incoming O2 molecule cannot interact well with a perfect ZnO(100) surface (Yan, AlJassim, & Wei, 2005) . The O2 chemisorption can only be occurred on the reduced ZnO(100) surface in which the surface has pre-exist O surface vacancies (Xu, Zhang, & Tong, 2010; Yan et al., 2005) . In such situation, one O atom of the incoming O2 molecule will occupy and heal the O vacancy site and the other O atom will stay adsorbed on the surface. This singly adsorbed O atom can easily move on the ZnO surface. It is speculated that this *O will move and heal the nearest O vacancy site of the surface (Yan et al., 2005) . Therefore, after the ZnO(100) surface is exposed by O2 gases for a period of time, it is very likely that most of the O vacancies on the surface are healed by O2 and this will leave us with a perfect ZnO(100) surface. Due to this reason, instead of using reduced ZnO(100) surface, we use the perfect ZnO(100) as a surface model for studying the interaction of ZnO (100) 
DFT Calculations
We investigate the adsorption of BTEX gases on ZnO(100) surfaces using density functional theory-based (DFT) calculations (Jung et al., 2006; Perdew, Burke, & Ernzerhof, 1996a) . Spin-polarized DFT calculations is performed using the Quantum-Espresso 5.4 (Giannozzi et al., 2009 ). Exchange and correlation effects are incorporated within the generalized gradient approximation, using the Perdew-Burke-Ernzerhof (PBE) functional (Perdew, Burke, & Ernzerhof, 1996b) . We use plane wave basis sets with 42 Ry cut-off energy. Valencecore interactions are represented by the projector augmented wave formalism (PAW) (Blöchl, 1994) . All of the PAW potentials are taken from the Quantum-Espresso database. For geometrical optimization, the integration in Brillouin-zone is done only at gamma point since the unit cell size is quite large. For electronic structure analysis, the integration in Brillouin-zone is performed with a 4 x 4 x 1 k-points mesh. Hubbard-U correction is added by amount of 7.5 eV for Zn 3d states, following refs. (Erhart, Albe, & Klein, 2006; Tang & Luo, 2013) . The calculation for isolated molecule is done in a 30Å x 30Å x 30Å cubic cell at the gamma point. The effect of van der Waals interaction is described using the semi-empirical correction scheme of Grimme (DFT-D2) (Grimme, 2006) . The systems are relaxed until the residual force on each atomic component is less than 0.025 eV/Å.
The non-polar ZnO (100) surface is modelled by repeated slab approach where the slabs are separated by vacuum space of about 15 Å. The slab model contains six layers of Zn-O using a 4 x 3 supercell. The usage of large surface area for the supercell model is required to accommodate the adsorption sites for BTEX molecules. In all of the adsorption cases, atoms in adsorbed molecules and in two topmost Zn-O layer are fully relaxed during optimization, while the rest are fixed in their bulk positions. We consider various adsorption sites and conformations for BTEX adsorption on ZnO(100) surface. However, we will only discuss the most stable adsorption configurations for each BTEX molecules. The adsorption energy ( ) of a molecule on ZnO(100) surface is defined as:
where corresponds to the total energy of an adsorption system, corresponds to the total energy of a clean ZnO(100) surface and corresponds to the total energy of an isolated molecule. Visualization of atomic structures and charge density are done by using Xcrysden software (Kokalj, 2003) .
RESULTS AND DISCUSSION
The calculated adsorption energies and adsorption distances of the most stable BTEX adsorption configurations on ZnO(100) surface are presented in Table 1 . We compare the value of adsorption energies with and without dispersion correction. Many studies have demonstrated that dispersion correction is very important for studying the adsorption of benzene and larger molecules on metal (Lakshmikanth, Ayishabi, & Chatanathodi, 2017; Liu et al., 2013; Liu, Tkatchenko, & Scheffler, 2014; Reckien, Eggers, & Bredow, 2014; Sabbe, Laín, Reyniers, & Marin, 2013; Waldmann et al., 2012; Yildirim, Greber, & Kara, 2013) and metal-oxide (Dzade, Roldan, & de Leeuw, 2014; H. S. D. Kim, Yang, Qi, & Rappe, 2017; Yang, Qi, Kim, & Rappe, 2018) surfaces. The inclusion of this dispersion correction could give adsorption configurations and adsorption energies which are in agreement with experimental results.
In our system, the dispersion correction does not alter the molecular adsorption sites, but it decreases the adsorption distances and significantly increases the value of adsorption energies. We find that the inclusion of dispersion correction not only increases the absolute value of the adsorption energies, but also changes the trend of adsorption energies. Without the dispersion correction, the adsorption energy of benzene is stronger than that of ethylbenzene, but this trend is switched when the dispersion correction is activated. This result shows that the inclusion of dispersion correction is indeed very crucial for studying the selectivity and sensitivity of a sensing material towards large molecules like in our system, since these properties greatly depend on the trend of adsorption energies of the molecules.
The adsorption configurations and relative energies of the three most stable BTEX adsorptions on ZnO(100) surface are presented in Figures 2a-d. We find that vertical molecular adsorption configurations are energetically less favourable for BTEX adsorption configurations. The BTEX molecules prefer to be adsorbed parallel to the surface. In general, the difference in relative energies for parallel BTEX adsorption configurations are not so significant. This indicates that the contour of potential energy surface (PES) for BTEX adsorptions are quite flat as in the case of benzene adsorption on coinage metal surfaces (Liu et al., 2013; Reckien et al., 2014) . Therefore, it becomes not so obvious how to unambiguously identify the most stable adsorption configuration. Due to this, for the sake of continuing the discussion, the adsorption configurations which give the lowest relative energies on each BTEX-ZnO(100) systems will be assigned as their most stable configurations.
Important parameters and adsorption configurations of the most stable BTEX adsorptions on ZnO(100) surface are presented in Table 2 and Figure 3 . In their most stable adsorption configurations, the BTEX molecules adsorbed on top of the uppermost layer of Zn-O dimer. The adsorption distances of BTEX molecules are quite large, dsurf-mol > 2 Å. The closest distance in BTEX-ZnO(100) interactions are mainly from the hydrogen bond between the H atom from the benzene ring of BTEX molecules and O atom of the topmost ZnO layer. These data suggest that the BTEX adsorptions on ZnO(100) surface are in the physisorption states. The electronic structures of BTEX molecules and ZnO(100) surface before and after the adsorption are summarized in Figure 4 . From the total density of states (TDOS) of the system before and after adsorption (the first and third lines of Figure 4) , we can see that there are no major change in the TDOSs of the systems after BTEX adsorptions occur, except for the appearance of small peaks at energy around -6 eV relative to the Fermi level. These peaks come from one of the molecular orbitals of BTEX molecules. We plot the projected density of states (PDOS) of 1s orbitals of H atom of the BTEX molecules that form a hydrogen bond with the O atom of the topmost layer of ZnO(100) before and after the adsorption occur in the second and fourth lines of Figure 4 . From these data, we can see that the 1s orbitals of the H atom of the adsorbed BTEX which directly interact with the topmost ZnO layer are only polarized and slightly shifted with respect to its isolated state. The profile of partial charges of benzene adsorption on ZnO(100) surface at energy around -6 eV is shown in Figure 5 . This is the typical charge profiles for all of the BTEX adsorptions on ZnO(100) surface. We can clearly see that there are no obvious orbital overlapping between the benzene molecular orbitals and the surface states of ZnO(100) surface. It means that the appearance of new peaks at energy around -6 eV after the BTEX adsorptions occur really comes from the original molecular orbitals of BTEX molecules (a non-bonding state) and not from their hybridizations with the surface states of ZnO(100) surface. This suggests that the main mechanism for bonding in BTEX adsorptions on ZnO(100) surface are not originated from the orbital interaction between the BTEX and the surface, since there are no meaningful orbital hybridizations formed after the adsorption occur. Instead, the bonding comes from the contribution of van der Waals interaction between the surface and the molecule. Once again, this is a strong supporting evidence which shows that the BTEX adsorptions on ZnO(100) surface are indeed in a physisorption state.
The amount of charge transfer from BTEX-ZnO(100) interactions are also given in Table 3 . The BTEX molecules act as donor and donates some of its electron to the ZnO surface, similar with the case of CO adsorption (Gurlo, 2006; Gurlo & Riedel, 2007) . However, in the case of BTEX adsorptions, the change in total charges of the molecules before and after the adsorption occurs (Δ mol) are not so significant. The molecules only donate about 0.09-0.1e to the ZnO surface. The very low values of Δ mol indicate that the adsorbed BTEX molecules only weakly interact with the surface, consistent with the physisorption state of the BTEX-ZnO(100) systems.
In many chemisorption cases, normally, the trend of molecular adsorption can be properly explained by relating the trend of adsorption energy with the amount of charge transfer to/from the adsorbed molecule (Agusta, Saputro, Tanuwijaya, Hidayat, & Dipojono, 2017; Nugraha et al., 2016 Nugraha et al., , 2017 Rusydi, Agusta, Saputro, & Kasai, 2012; Adhitya G. Saputro & Kasai, 2014 ; Adhitya G. Saputro, Kasai, Asazawa, Kishi, & Tanaka, 2013; Adhitya G. Saputro et al., 2019) . However, this procedure cannot be directly used in the current case since the amount of charge transfer in all BTEX adsorption cases are almost equivalent, and yet their adsorption energies are quite different. This is because, as mentioned before, the main mechanism that responsible for the BTEX adsorptions on ZnO(100) is the van der Waals interaction and not orbital interaction/hybridization. Therefore, the trend of BTEX adsorption energies must be explained by inspecting the expression of the van der Waals interaction which, in this study, is approximated by the semi-empirical dispersion correctionof Grimme, DFT-D2 (Grimme, 2006) . The total energy of a system which is refined by a dispersion term can be expressed as = + , where corresponds to the DFT total energy using GGA approximation and is the dispersion correction. By using this definition, the original expression of the adsorption energy in equation (1) where * corresponds to the dispersion energy of the ZnO(100) surface in the adsorption system, * corresponds to the dispersion energy of the adsorbed molecule in the adsorption system and * corresponds to the dispersion energy coming from the interaction between atoms in the adsorbed molecule and the ZnO(100) surface. If the structure of the ZnO(100) surface and the adsorbed molecule in the adsorption system do not significantly change relative to their isolated states, then the terms * + * − − in equation (2) 
where the summations run over all atoms Nat and all translations of the unit cells. Since all of the BTEX adsorption systems consist of the same type of atoms (i.e. Zn, O, C, and H) and use the same exchange-correlation potentials, then the values of dispersion coefficients and scaling parameters are equivalent for all adsorption systems. Hence, the only things that differ are (1) the atomic distances , (which depend on the adsorption configurations) and (2) number of atoms Nat involved in the adsorption (which depend on the type of the adsorbed molecule). Even though the values of , are important, the Nat gives more dominant contributions to the value of . The more atoms involved in the system, the more negative the value of . The same thing happen for the case of adsorption energy calculation. The more atoms involved in the interaction between in the adsorbed molecule and the ZnO(100) surface, the more negative the value of * , and according to equation (3), this will lead to a more negative (stronger) adsorption energy.
The above mechanism (equation (3)) can be used to rationalized the trend of adsorption energies of benzene, toluene and xylene on ZnO(100) in Table 2 . The trend of the strength of adsorption energies is < < because < < . However, this mechanism cannot properly explained the position of ethylbenzene adsorption in the trend since the adsorption energy of ethylbenzene (-1.16 eV) is slightly weaker than that of toluene (-1.17 eV), even though the number of atoms in toluene is less than that in ethylbenzene. The violation of this trend can be qualitatively explained by inspecting the adsorption structure of the BTEX molecules on ZnO(100) surface. The adsorption configurations of benzene, toluene and xylene molecules are quite similar due to their planar conformations. However, for the ethylbenzene case, there are two possible parallel adsorption configurations which are dictated by the orientation of its ethyl group (see Figure  2c ). Our calculation shows that in its most stable adsorption configuration, the adsorbed ethylbenzene molecule energetically prefers the parallel adsorption configuration with its ethyl group facing slightly upward. To accommodate this adsorption configuration, the dihedral angle of the ethyl group of the ethylbenzene changes from 82.22 o in the isolated state into 36.37 o in the adsorbed state as presented in Figure 3 . As we mentioned before, the terms * + * − − in equation (2) only cancelled when the structure of the adsorbed molecule does not significantly changed relative to its isolated state. In ethylbenzene case, these terms do not cancelled since the dihedral angle of the molecule is greatly modified after the adsorption occur, even though the average bond distances within the molecule do not significantly change (see Table 3 ). The change in this dihedral angle increases the total energy and the dispersion energy of ethylbenzene with regards to its isolated molecule state. Due to this, the value of * + * − − in equation (2) for the case of ethylbenzene adsorption becomes positive since the * − terms are practically cancelled. This makes the final adsorption energy of ethylbenzene become less negative (weaker). Therefore, the violation of the trend of BTEX adsorption energies is caused by the geometrical reconstruction of ethylbenzene upon its adsorption on ZnO(100) surface. Table 3 . The changes in average bond-lengths in BTEX gases before and after adsorption on ZnO(100) surface. (Acharyya & Bhattacharyya, 2015; Mirzaei et al., 2018; Nagaraju et al., 2018; Shen et al., 2018; Wang et al., 2013; Zhu et al., 2004) . Even though the surface facet of the ZnO used in these experiments are not uniform, in most of the cases, the ZnO material always has large portions of (100) surface. In general, the sensitivities of ZnO towards BTX gases are in the following order: xylene > tolune > benzene. There are two well-known possible sensing mechanisms based on the ionosorption model (Gurlo & Riedel, 2007) . The first one only involves molecular adsorption on the sensing material while the second one involves reactions with ionic oxygen species on the surface. In the first ionosorption mechanism, the target molecule is adsorbed on the surface of the metal oxide and the change of surface electronic state during the adsorption is interpreted as the response of the sensor. Stronger molecular adsorption should lead to a stronger response. This mechanism can be used to relate our calculation results with the experimental results. The trend of the calculated BTX adsorption energies on ZnO(100) (see Table 2 ) is indeed in agreement with the trend of sensitivity for BTX gases on ZnO material (Acharyya & Bhattacharyya, 2015; Mirzaei et al., 2018; Nagaraju et al., 2018; Shen et al., 2018; Wang et al., 2013; Zhu et al., 2004) . This finding also suggests that (100) surface, being the most stable ZnO facet, might be one of the main surface facet that responsible for the detection of BTX gases. Unfortunately, we could not find the experimental comparison for ethylbenzene case. Based on the first ionosorption mechanism, we might predict that the response of ZnO towards ethylbenzene will be close to the response towards toluene since the values of their adsorption energies are very close.
To fully understand the trend of sensitivity of ZnO towards BTEX gases, we also need to study the second mechanism in the ionosorption model. In fact, the majority of experimental studies always rely on this mechanism to explain their results (Mirzaei et al., 2018) . This sensing mechanism is more reliable since the reaction between the target molecule and the surface oxygens will induce a radical change in the electronic structure of the sensing material and hence producing a much stronger response than the first ionosorption mechanism. Unfortunately, our current results cannot be used to explain this mechanism since it requires additional calculations involving complex decomposition reactions. However, we might provide some insights from our results to improve the current model that might be used to study the second mechanism of ionosorption model.
In the second ionosorption mechanism, the adsorbed target molecule reacts with the ionic oxygens on the surface and forms new molecules. The change in the electronic structure of the surface during this reaction is interpreted as the response of the sensor. For the case of BTX gases, many experiment studies interpreted this mechanism as BTX decomposition reactions into CO2 and H2O through: Acharyya & Bhattacharyya, 2015; Mirzaei et al., 2018; Nagaraju et al., 2018; Shen et al., 2018; Wang et al., 2013; Zhu et al., 2004) . This decomposition is initiated by the dehydrogenation of the benzene ring or the methyl group. The initial state of a dehydrogenation reaction of a hydrocarbon molecule is usually indicated by the elongation of its C-H bonds. Without proper C-H elongation, the activation energy required for the dehydrogenation will be very high. Therefore, we should check the C-H elongation for BTEX adsorptions on ZnO(100) surface. The average in the change of C-H bonds in benzene ring, ethyl and methyl groups of BTEX before and after the adsorption are presented on Table 3 . From these data we can see that the changes in C-H bonds after adsorption occur are very insignificant. This suggests that the dehydrogenation reaction, which is the signature of the second ionosorption mechanism, might not proceed on the perfect ZnO(100) surface since the initial C-H elongation might require a quite high activation energy. This means that the second ionosorption mechanism require different ZnO surface configurations. For example, the perfect ZnO(100) surface might require additional adsorbed oxygen atoms or their combination with surface oxygen vacancies to induce C-H elongation in the adsorbed BTEX molecules. This interaction will be discussed in our future publication.
CONCLUSIONS
We study the adsorption of benzene, toluene, ethylbenzene and xylene (BTEX) molecules on ZnO(100) surface using density functional theory-based calculations. We find that the inclusion of dispersion correction is very crucial for studying the trend of BTEX adsorption energies. We find that the BTEX molecules are physisorbed on the ZnO(100) surface with parallel configurations and adsorption distances larger than 2 Å. The van der Waals interaction dominates over covalent interaction in the adsorption mechanism of BTEX on ZnO(100) surface. We also find that the trend of the strength of BTX adsorptions is in line with the experimental trend of ZnO sensitivity towards BTX gases based on the adsorption-based sensing mechanism, which is one of the well-known sensing mechanism within the ionosorption model. Even though there is no available experimental data for verifying the position of ethylbenzene in the sensitivity trend, based on the trend of adsorption energy, we might predict that the response of ZnO towards ethylbenzene will be similar to the response towards toluene.
